Abstract. The Paleocene-Eocene Thermal Maximum (PETM) offers insight into massive short-term carbon cycle perturbations that caused significant warming during a high-pCO 2 world, affecting both marine and terrestrial ecosystems.
Introduction
Among the early Cenozoic climate perturbations, the Paleocene-Eocene Thermal Maximum (PETM) at ~56 Ma (McInerney and Wing, 2011 ) is one of the best-investigated Cenozoic hyperthermals. Being first described in marine deposits (Kennett and Stott, 1991) , the PETM has soon been recognized as a global event, equally detectable in continental environments (e.g. Bowen et al., 2015; Koch et al., 1992; Magioncalda et al., 2004) . However, despite the many globally distributed records, 5
there is still debate about the cause and feedbacks of this hyperthermal (see review of McInerney and Wing, 2011) . Due to the massive carbon input into the ocean-atmosphere system, global warming of 5-10°C during the PETM was associated with a distinct negative shift in carbon isotope records ( 13 C) (e.g. Dunkley Jones et al., 2013; McInerney and Wing, 2011; Sluijs et al., 2006 Sluijs et al., , 2011 Sluijs and Dickens, 2012; Zachos et al., 2003) . This negative carbon isotope excursion (CIE) is well recognized in a variety of different materials from various settings. In general, the PETM CIE consists of a rapid onset, the 10 main body of the excursion and a two-step recovery composed of an early rapid phase followed by a more gradual increase in  13 C values (McInerney and Wing, 2011) .
Despite this general pattern, the magnitude of the CIE varies largely between different environmental settings (on av. -2.5 to -5.5‰) and within individual records (-0.6 to -8.0‰) (see compilation of McInerney and Wing, 2011) . The CIE is typically larger in continental (with a mean of 4.7±1.5‰ when compared to marine depositional environments. Multiple hypotheses 15 exist to explain the 13 C-depleted carbon input to the atmosphere-ocean system causing the CIE, including methane clathrate destabilization on shelfs (Dickens et al., 1995) , thermogenic methane formation by magma injections into organic-rich mudstones (Svensen et al., 2004) , oxidation of vast amounts of organic matter by drying of epicontinental seas (Higgins and Schrag, 2006) , orbitally triggered permafrost thawing (DeConto et al., 2012) , or wildfires and burning of peatlands (Kurtz et al., 2003) potentially triggered by a meteorite impact (Cramer and Kent, 2005; Kent et al., 2003) . In all cases, the magnitude 20 of the CIE potentially reveals (via mass balancing) the source of carbon input to the ocean-atmosphere system. The variable preservation of the CIE in terms of magnitude and duration in different archives (Trampush and Hajek, 2017) , however, provides challenges evaluating the carbon source and carbon release mechanisms (e.g. Lyons et al., 2019) .
Assessing duration and magnitude of the CIE and from the related PETM warming at the marine-terrestrial interface is of great interest, as near coastal ecosystems are especially vulnerable to global climate change and sea level rise causing large 25 ecological and economic threats (IPCC, 2014) . Near-coastal wetlands play a major role in the global carbon cycle as important organic carbon sinks (e.g. Raghoebarsing et al., 2005; Rumpel et al., 2018) , but simultaneously are a primary source of methane emissions to the atmosphere (Christensen et al., 2003; Kirschke et al., 2013) . Peatland conservation has thus become one of the pressing tasks to meet the Paris Agreement (Rumpel et al., 2018) as under global warming peatlands are likely to contribute significantly to future CO 2 emissions (e.g. Dorrepaal et al., 2009; Rumpel et al., 2018) and likely 30 have done so during the PETM (Pancost et al., 2007) . Extensive wetlands with peat forming mires and swamps were widespread in the European realm during the Cenozoic (today they are forming major economic lignite and coal deposits in Central Europe) and may have significantly contributed to Cenozoic climate evolution on a global scale (e.g. Kurtz et al., 2003; Pancost et al., 2007) .
The Schöningen opencast mine (Northern Germany) has been selected as the type locality of the Schöningen Formation (Riegel et al., 2012) and offers the opportunity to study Paleocene-Eocene climate change in wetland deposits along the paleo-North Sea coast (Fig. 1a) (Riegel et al., 2012) . The Schöningen Formation is mainly early Eocene in age but probably 5 includes the topmost part of the Paleocene. It comprises ~150m of alternating lignite seams and clastic interbeds (Fig. 1b) (Brandes et al., 2012; Osman et al., 2013; Riegel et al., 2012) . It has been speculated that the lower part of the Schöningen Formation covers the PETM as the shallow marine deposits of Interbed 2 exhibit a conspicuous peak in the abundance of the dinoflagellate cyst Apectodinium (Riegel et al., 2012) . The occurrence of such high abundances of Apectodinium in mid-to high-latitudinal sediments (Schöningen paleolatitude is ~41°N (van Hinsbergen et al., 2015) ; see also Supplementary 10 Information table S1) has been proven to be indicative of the PETM (Bujak and Brinkhuis, 1998; Crouch et al., 2001; Heilmann-Clausen et al., 1985; Iakovleva et al., 2001; Sluijs and Brinkhuis, 2009; Sluijs et al., 2006 Sluijs et al., , 2007 . Other age constraints of the Schöningen Formation are restricted to dinocyst assemblages and scattered radiometric ages derived from the near-by Emmerstadt drill core that have been correlated to the Schöningen lignite seams. These correlations, however, placed the PETM within or below the Main Seam (dinocyst zone D5nb (~54.8-54.4 Ma) occurring slightly above the basal 15 Main Seam) (Ahrendt et al., 1995; Köthe, 2003) .
To investigate if the Apectodinium acme in Interbed 2 is related to the PETM we studied carbon isotope ratios of bulk organic matter ( 13 C TOC ) from the lower part of the Schöningen Formation (Seam 1 to Seam 2). We evaluate the corresponding palynological record to assess the paleoenvironmental evolution of this wetland and compare our geochemical results to lignite records along the paleo-North Sea (Cobham, UK; Vasterival, F) . Collectively, these data show a consistent 20 CIE and uniform paleoenvironmental changes within European mid-latitudinal lignite deposits.
Material and methods

Study site and sampling
Active lignite mining yielded excellent exposures in the now-abandoned opencast mines at Schöningen (Fig. 1a, Supplementary Information S1 and Fig. S1 ). This allowed for dense sampling of the Paleocene-Eocene Schöningen 25 Formation (Fig. 1b) of the western rim syncline of the NW-SE trending Helmstedt-Staßfurt salt wall. From the >4000 samples, collected from more than 50 individual sections over ~30 years accompanying the mining activities in Schöningen-Südfeld, we selected 121 samples from two of the lower lignite seams (Seam 1 and Seam 2) and the corresponding clastic interbed, presumably covering the latest Paleocene and early Eocene, for isotopic analyses. The ca. 16 m record consists of three individual sections recovered laterally within 50 m. Stratigraphic continuation could be ensured by the well exposed, 30 undisturbed and laterally traceable lignite seams (e.g. Riegel et al., 2012) . In order to get a more comprehensive picture of The lower three seams (Main Seam, Seam 1 and 2 in Fig. 1b) resemble each other in their petrographic and palynological characteristics. In general, the lignite seams are composed of an alternation of dark and medium brown layers, which often have tree stumps at their base and layers or lenses of charcoal with tissue preservation in the coal matrix (Riegel et al., 2012; 5 Robson et al., 2015) . Silts to medium grained sands dominate the clastic interbeds. There is still debate about prevailing deposition conditions of the clastic interbeds (Osman et al., 2013; Riegel et al., 2012) . Whereas Interbed 1 shows little evidence for fully marine conditions and rather indicates local emergence (occurrence of drift wood and rooting), Interbed 2, containing rich dinocyst assemblages with peak abundances of Apectodinium homomorphum and other Apectodinium species (Fig. S4 ), is indicative of shallow marine depositional conditions (Riegel et al., 2012) . For a more detailed description of the 10 lithology of the sampled sections, the reader is referred to (Riegel and Wilde, 2016; Riegel et al., 2012) as well as to the detailed logs in the appendix (text S1, Fig. S1 ).
Carbon isotope analyses
121 samples were selected for analysis of total organic carbon content (%TOC) and carbon isotope composition of bulk organic matter ( 13 C TOC ), providing a %TOC and  13 C TOC record of 16 m with average sample spacing of ~13 cm. Sample 15 preparation included freeze drying, grinding, removal of inorganic carbon (using 10 % HCl for 24h at 40°C), centrifugation (4x at 2800 to 3000 rpm for 4 to 8 min) and sample drying (24h at 40°C). About ~0.2 mg (lignite samples) and up to ~6 mg (marine interbed samples) were analyzed using a Flash EA 1112 (Thermo Finnigan) coupled to a MAT 253 gas source mass spectrometer (Thermo Finnigan) at the Goethe University -Senckenberg BiK-F Joint Stable Isotope Facility (Frankfurt).
USGS 24 and IAEA-CH-7 standard materials were analyzed on a daily basis and replicate measurements of reference 20 materials and samples indicate uncertainty of < 0.2 ‰ for measured  13 C TOC values. Total organic carbon concentrations [in %] were calculated by relating the signal size of the samples and the averaged signal size of the daily standards (USGS 24, n =8). The typical error is ~0.5 % based on mass spectrometric analysis and the maximum difference in TOC contents of replicate measurements (including weighing uncertainties) was ~7 %.
Palynological analyses 25
The palynological analysis is primarily based on revised data of 59 samples from a section between the top of the Main Seam and the top of Seam 2 (Hammer-Schiemann, 1998). For palynological processing, lignite samples were crushed to a particle size of 1 to 2 mm. All lignite and interbed samples were treated with hot 15% hydrogen peroxide (H 2 O 2 ) and ca. 5% potassium hydroxide (KOH) for 1 to 2 h. The clastic samples were further treated with 30% hydrofluoric acid (HF) for several days. HF was removed by 5 to 6 steps of decanting and diluting. All samples were sieved through a 10 μm-mesh 30 sieve. Residues are stored in glycerine and permanent glycerine jelly slides were made. To obtain a representative dataset, at least 300 individual grains of pollen and spores were counted per sample at ×400 magnification (data in Supplementary Information table S3). The palynomorphs were mainly identified on the basis of systematic-taxonomic studies Thomson and Pflug (1953) , Krutzsch (1970) , Thiele-Pfeiffer (1988 ), Nickel (1996 , Hammer-Schiemann (1998) and Lenz (2005) . The simplified pollen diagram shows the abundance of the most important palynomorphs in percentages. Pollen and spores were calculated to 100% whereas dinoflagellate cysts (Apectodinium sp.) and charcoal particles larger than c. 10 μm were added 5 as additional percentages (in percent of the total pollen sum).
Results and Discussion
The CIE in the basal Schöningen Formation
The total organic carbon content across the analyzed section ranges from ~0.2 % to 69 % and correlates with lithology generally with TOC contents >50 % in the lignite seams and <10 % in the clastic interbed (Fig. 2a) . Carbon isotope ratios of 10 bulk organic matter range from -25.1 ‰ to -28.3 ‰ (Fig. 2b ). In the basal part (0 to 2.9 m) of the section  As a consequence, we consider the excursion in  13 C TOC within the lignite seams and thus independent of lithological 30 changes to demark the onset and termination of the PETM-related CIE as it occurs in the two seams surrounding the clastic interbed that includes the prominent Apectodinium acme (Riegel et al., 2012) . In particular the abrupt decrease (Δ and long-chain n-alkanes at the top of Seam 1 . Moreover, the absolute %TOC and  13 C TOC values published by are in very good agreement with our newly derived data and reveal a statistically significant (Fig. 3a) .
The CIE in Schöningen comprises the top of Seam 1, Interbed 2 and base of Seam 2, in total ~10 m of section, which makes 10 it one of the most extensive PETM records in Central Europe. Given the total duration of the CIE during the PETM of ca.
120-220 ka our sample resolution of ~ 13 cm would translate into a temporal resolution of 1.6-2.9 ka. Based on previous age constraints, Brandes et al. (2012) independently deduced high sedimentation rates of 60-80 m/Ma for the lower part of the Schöningen Formation. Thus, our CIE of 10 m would translate into a duration of 125-167 ka, which agrees well with reported PETM durations of 120-220 ka (McInerney and Wing, 2011; Röhl et al., 2007) despite the associated uncertainty of 15 different deposition rates in the different analyzed lithologies (Trampush and Hajek, 2017) .
The magnitude of the CIE in European lignite records
Even though the magnitudes of the CIE vary widely among proxy records (c.f. McInerney and Wing, 2011; Sluijs and Dickens, 2012) , the CIE in the Schöningen record is small given the generally large CIE in bulk organic carbon in terrestrial settings (e.g. bulk soil organic matter mean -3.5 ±0.6‰ (n=14); McInerney and Wing (2011) ). Terrestrial CIEs are 20 commonly enhanced by ~1-3‰ compared to those inferred from marine organic matter (typically in the range of -2 to -3‰; e.g. Cramer and Kent (2005) ; McInerney and Wing (2011); Sluijs and Dickens (2012) ). Thus, it may be questioned whether the reduced CIE at Schöningen is unique due to local conditions and can be actually related to the PETM or whether it is an general feature of the mid latitudinal European near-coastal environments. We therefore compared our  13 C TOC record and the adjacent record of Inglis et al. (2015) with published peat mire records along the paleo-North Sea coast line (Fig. 1) , 25 namely the Cobham Lignite (UK) (Collinson et al., 2003 (Collinson et al., , 2009 Pancost et al., 2007) and the Vasterival section (France) (Garel et al., 2013; Storme et al., 2012) . All three lignite deposits share characteristic features (Table 1 (2) all three records attain similar minimum  13 C TOC values during the CIE (-27.5 ‰ to -28.8 ‰), averaging at 28.05 ±0.5 ‰ (Fig. 4) ; 30 (3) the magnitude of changes in  13 C TOC at the onset of the CIE (calculated as the difference between the last pre-CIE value and the first CIE value) ranges between -1.4 to -1.8 ‰ (Fig. 3) ; (Table 1) .
Overall, the comparison of these geographically adjacent deposits shows that all reported CIE magnitudes of lignite records 5 along the paleo-North Sea are dampened compared to purely continental terrestrial archives but yield a very consistent and thus robust signal (Fig. 4) . Depending on the definition of the CIE, the average magnitude is 1.27 ±0.29 ‰ ("mean-mean") or 1.74 ±0.46 ‰. ("mean-most negative value") and the average decrease of  13 C TOC values at the onset of the CIE is -1.39
±0.43 ‰ ( Table. 1 ).
There are multiple possibilities to explain the dampened magnitude in these deposits such as mixing and dilution of the input 10 signal, occurrence of local signal perturbation (e.g. due to vegetation changes), or differential degradation/preservation of organic matter during the climatic perturbation.
Mixing and dilution of the PETM signal in the Schöningen estuarine depositional context, where multiple flooding and thus reworking events may have occurred, appears unlikely as the observed CIE onset is sharp (i.e. between 2 samples within 8 cm) and within a lignite seam where no mixing of sediment occurred. The organic matter of the original peat likely resulted 15 from an ombrotrophic (rain-fed) peat mire (consisting mostly of mosses, ferns, and associated hardwood mire forest, see section 3.3) Riegel et al., 2012) and has to be regarded as autochthonous with transport (if any) only on very short distances, likely meters.
It is possible that the reduced CIE magnitude is a local signal derived by changes in plant communities during the PETM.
For instance, variable angiosperm : gymnosperm ratios caused significant variations in the recovered 
C TOC values of 20
Miocene lignites from Austria (Bechtel et al., 2003 ) and a similar scenario appears possible during the PETM. However, in our pollen record we do not observe particular changes from angiosperms to gymnosperms in conjunction with the CIE.
Similar to the Schöningen record, the Cobham palynological record lacks major changes in the paleofloral community along with the CIE (Collinson et al., 2003 (Collinson et al., , 2009 ). Collinson et al. (2009) found only subtle vegetation changes across the PETM in the Cobham lignites and primarily attributed these to changes in the local fire regime. Collinson et al. (2003) also discussed 25 that the carbon isotope variability in the Cobham Lignite may have been caused by local changes in the depositional environment, the preservation states, or the plant communities, but at the same time excluded those mechanisms because the major shift in the carbon isotope values occurred without any major lithological or floral changes. Moreover, marine sediments from the paleo-North Sea exhibit an enhanced CIE of 6-8 ‰ that has been explained by increased terrigenous input (Heilmann-Clausen and Schmitz, 2000; Schmitz et al., 2004; Sluijs and Dickens, 2012) . Land plant derived  13 C values 30 of n-alkanes from two sections of the paleo-North Sea (Denmark) record a decrease of 4-7 ‰ (Schoon et al., 2015), clearly showing that the PETM affected the biosphere around the paleo-North Sea in terms of recording the CIE. However, Schoon et al. (2015) also noted that the differences in the CIE likely arose from local differences in the plant communities or precipitation patterns. Taken together, we think that a local change in vegetation, altering the carbon isotope "input signal" to the peat mires, is unlikely to account for the reduced CIE in the Schöningen lignites.
An alternative scenario is differential degradation/preservation of organic matter in the Schöningen peat mires during the PETM. Carbon isotope discrimination between litter input and stored (soil) organic matter during degradation/decomposition is governed by fractionation processes during metabolism (typically enriching the residual carbon stock in 13 C) and the 5 selective utilization of compounds (with differing  13 C values) (e.g. Santruckova et al., 2000) . The latter process apparently dominates and can either enhance or suppress a metabolism-related fractionation signal (Santruckova et al., 2000) . Minor warming of ~1°C can cause significant increases in carbon respiration rates (on average 52 % in spring to 60 % in summer; Dorrepaal et al., 2009 ) in modern high-latitude peatlands. Contemporaneous to the increased respiration rates, an increase in the carbon isotope ratios of the respired CO 2 has been interpreted as a shift towards respiration of less 13 C-depleted carbon 10 stocks, likely due to a change in microbial communities. Even though the paleoenvironmental setting of the Paleogene peat mire clearly differs from the modern high-latitude mires (Dorrepaal et al., 2009) , it seems likely that PETM-related warming generally affected the mire by increasing the respiration rates and causing changes in the microbial community, which could have resulted in specific changes in the  was detected here . Thus, higher-than-expected  13 C TOC values during the CIE relative to pre-CIE values could result from enhanced microbial degradation processes and changed microbial communities that decompose more 13 C-depleted recalcitrant matter during the PETM. Generally enhanced respiration rates and changes in the microbial communities due to warming (and wetting) are also likely to appear on a regional scale and are thus, consistent with our finding of generally reduced CIEs in peat mires along the paleo-North Sea. 25
Environmental changes in the Schöningen peat mire associated with the PETM
The repeated change from open estuary/marine to meandering river/peat mire environments is characteristic for the Schöningen Formation and continues even into the middle Eocene Helmstedt Formation (Fig. 1b) (Riegel et al., 2012 .
However, identification of the PETM-related CIE now allows a detailed assessment of microfloral changes directly associated with climatic changes during the PETM. We extended our palynological data set down-section to the underlying 30 governed by an interplay of eustatic sea level changes, withdrawal of salt towards the salt wall and/or changes in precipitation and subsequent runoff from the direct effects of the PETM climate perturbation.
During the late Paleocene and early Eocene mire forests typical for coastal areas along the edge of the paleo-North Sea basin, existed in the area of Schöningen (e.g. Allen, 1982; Collinson et al., 2009) . As inferred from pollen records they consisted essentially of wet swamp forests dominated by Nyssaceae and Cupressaceae s.l. and dryer hardwood mire and background 5 forests characterized by Fagaceae and Myricaceae/Betulaceae (Riegel et al., 2012 . Three groups of palynomorphs can be distinguished (Fig. 5) : (1) The mostly fagaceous pollen T. liblarensis and T. cingulum appear to be essentially confined to the CIE (9-14 m in Fig. 5) . 15 However, when compared with the older part of the succession (0-6 m in Fig. 5 ), these taxa appear more frequently in the marine interbeds. Presumably, with the rise of the sea level the respective forests shifted landward and the small windtransported fagaceous pollen became enriched in the interbeds at this site. For the same reason, pollen of the Cupressaceae s.l. indicative of a swamp forest, occur more frequently in the marine interbeds. Myricaceae/Betulaceae dominated forests as represented by T. robustus-group pollen are considered to have grown on better drained, remote mire areas and are therefore 20 less affected by sea-level fluctuations (Riegel et al. 2012) .
Floral successions at marine interbed/lignite transitions at Schöningen differ significantly from those of the middle Eocene Helmstedt Formation in nearly lacking pollen of the tropical mangrove elements Rhizophora, Avicennia, Nypa and Psilodiporites of unknown botanical affinity (Lenz, 2005; Lenz and Riegel, 2001; Riegel et al., 2012 Riegel et al., , 2015 ; this study).
Instead, transitions at Schöningen are characterized by Thomsonipollis magnificus, Pistillipollenites mcgregorii (Fig. 5) . 25
Plicapollis pseudoexcelsus, and Pompeckjoidaepollenites subhercynicus, the latter two being also known from the middle Eocene of the Helmstedt Formation as back mangrove elements (Lenz and Riegel, 2001 ). The absence of tropical mangrove elements, especially Nypa, has been interpreted as indicating extratropical conditions during the deposition of the Schöningen Formation in contrast to the true tropical conditions during the middle Eocene (Helmstedt Formation) (Riegel et al., 2012) . 30
Spores of Sphagnaceae (peat mosses) and polypodiaceous ferns are typical lignite related elements throughout much of the Schöningen Formation and often dominate the palynological assemblages Riegel and Wilde, 2016; Riegel et al., 2012) . The frequent and close association of these spores (Sphagnumsporites spp., Distancorisporis sp., interpreted as the secondary vegetation succeeding forest fires (Hammer-Schiemann, 1998; Inglis et al., 2015; Riegel et al., 2012; Robson et al., 2015) . Sphagnum spores sharply decline at the top of Seam 1 and reappear with considerable delay in Seam 2 (above 13.2 m in Fig. 5 ). This Sphagnum-free interval coincides exactly with the range of the detected CIE and could potentially reflect a response to PETM warming. However, a similar distribution pattern of Sphagnum-spores has been observed in the lower part of Seam 1 (Fig. 5 confirmed by multiple biomarker analyses . Furthermore, regional proxy records indicate increased terrestrial runoff (Bornemann et al., 2014; Heilmann-Clausen and Schmitz, 2000; Schmitz and Pujalte, 2003) , consistent with climate model outputs which show generally increased but also more variable rainfall during the PETM (e.g. Carmichael et al., 2016 Carmichael et al., , 2017 . Therefore, either increased nutrient inputs to the mire or climatic changes during the PETM may have restrained proliferation of Sphagnaceae and promoted the spread of higher plants such as (e.g. Cupressaceae s.l. and parent 15
plants of T. cingulum and T. liblarensis).
In summary, our palynological data indicate only minor changes of plant taxa during the PETM. Long-term environmental records are needed to identify whether plant community changes were forced by (1) lithological/environmental changes, (2) PETM related climate changes, or (3) a combination of both. Hitherto, changes in plant communities seem to follow natural successions at marine-terrestrial interfaces rather than climatic patterns. 20
Schöningen in relation to other European lignite records
In the Cobham Lignite record minor qualitative changes among plant species contrast major changes in the composition of the plant community across the PETM onset, which includes the disappearance of ferns and the increase in cupressaceous conifers (Collinson et al., 2003 (Collinson et al., , 2009 . This is remarkably similar to Schöningen, where the disappearance of ferns prior the onset of the CIE is followed by a similarly high but more fluctuating occurrence of Cupressaceae during the CIE with 25 similarly high but more fluctuating occurrence of Cupressaceae throughout the record (Fig. 5) .
Strikingly similar at both localities, Schöningen and Cobham, is the high abundance of charcoal prior to the PETM. This charcoal is in close association with abundant fern spores and is most likely derived from a secondary vegetation succeeding wildfires at the onset of the PETM (Collinson et al., 2003 (Collinson et al., , 2009 . At Schöningen, a high abundance of charcoal occurs in Seam 1 and Seam 2 (Riegel et al., 2012; Robson et al., 2015) with particular high charcoal contents in the upper part of Seam 30 1 compared to its base Robson et al., 2015) . Thus, this increase in fire intensity immediately precedes our PETM-related CIE (Fig. 5) . Evidence for high frequency of wildfires from Schöningen and Cobham prior to the PETM is compatible with the hypothesis that peat burning was an important trigger for the CIE (Kurtz et al., 2003; Moore and Kurtz, 2008) .
Another common characteristic of the lignite records at Schöningen, Cobham, and Vasterival is drowning of the peat mires just subsequent to the onset of the detected CIE (Collinson et al., 2003; Garel et al., 2013 , this study, Brandes et al., 2012 Riegel et al., 2012) . A global transgressional phase (e.g. Sluijs et al., 2011) likely resulted in the deposition of the marine 5
clastic Interbed 2 at Schöningen during much of the PETM (Fig. 2) . The return of the Schöningen peat mire (Seam 2) may have been caused by a decrease of thermal expansion of the ocean and a concomitant global regression during cessation of the PETM. At the same time, increased sediment supply from the hinterland during the PETM (e.g. Bornemann et al., 2014; Heilmann-Clausen and Schmitz, 2000) filled the available accommodation space.
Summary and Conclusion 10
Carbon isotopic and palynological data from an alternating succession of lignite and clastic deposits in the basal Schöningen shows that the carbon isotopic composition of these lignites yields a reduced, compared to marine or other terrestrial archives, but consistent CIE with a magnitude of ~1.3 ‰. Even though each sedimentary record is a unique sequence of deposition, erosion, and hiatuses that likely modify the shape or extent of the climate signal (Trampush and Hajek, 2017), 20 consistence of the CIE magnitudes of the three lignite sites along the paleo-North Sea suggests a robust regional signal.
Paleofloral changes that are clearly related to the PETM time interval are minor and most changes follow natural successions. Only long-term environmental records appear suitable to distinguish if plant communities changed due to (1) lithological/environmental changes, (2) PETM related climate change, or (3) a combination of both. Our CIE record highlights that the interval of highest fire frequency in the Schöningen Formation (Seam 1, ) is clearly 25 associated with the PETM. Thus, common features of the Schöningen and the Cobham Lignite records emerge, such as a similar CIE, similar paleo-floral successions, and drowning of peat mires during the major body of the CIE. Furthermore, both records yield evidence of increased fire activity such as increased charcoal contents in combination with the appearance of ferns and peat mosses prior to the PETM. Taken together, this points to similar climatic and environmental conditions along the paleo-North Sea coast during the latest Paleocene to earliest Eocene, even resulting in a similar CIE of these 30
European wetland records. a exact data not given in the paper, manually extracted from the published figure. b CIE onset is calculated as the difference between the last pre-CIE and the first CIE sample.
c CIE magnitude calculated as the difference between the mean pre-CIE and the mean CIE value. e CIE magnitude omitting the described increase of 
13
C TOC at the basal part of the Cobham record (Collinson et al., 2003) and only taking the last 6 samples prior to the onset of the CIE as reference. (this study) and published studies (Collinson et al., 2003; Inglis et al., 2015; Storme et al., 2012) . 
